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Abstract: The violation of local P and CP invariance in QCD has been a subject of intense
discussions for the last couple of years as a result of very interesting ongoing results coming
from RHIC. Separately, a new thermalization scenario for heavy ion collisions through the
event horizon as a manifestation of the Unruh effect, has been also suggested. In this
paper we argue that these two, naively unrelated phenomena, are actually two sides of the
same coin as they are deeply rooted into the same fundamental physics related to some
very nontrivial topological features of QCD. We formulate the universality conjecture for
P and CP odd effects in heavy ion collisions analogous to the universal thermal behaviour
observed in all other high energy interactions.
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1. Introduction. Motivation
The main goal of this paper is to argue that two, naively unrelated, phenomena:
1. local P and CP violation in QCD as studied at RHIC[1, 2, 3, 4, 5]; and
2. universal behaviour of multihadron production described by a universal hadronization
temperature TH ∼ (150− 200) MeV
are in fact tightly related, as they describe different sides of the same fundamental physics.
Before we present our arguments suggesting the common nature of these two phenom-
ena, we review each effect separately as it is conventionally treated today. Our next step
is to take a fresh look at these effects and present some arguments suggesting that both
these phenomena are in fact originated from the same fundamental physics and both are
related to the very deep and nontrivial topological features of QCD.
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1.1 Local P and CP violation in QCD. Charge separation effect
The charge separation effect [6, 7] can be explained in the following simple way. Let us
assume that an effective θ(~x, t)ind 6= 0 is induced as a result of some non- equlibrium
dynamics as suggested in refs. [8, 9, 10, 11, 12, 13]. The θ(~x, t)ind parameter enters the
effective lagrangian as follows, Lθ = −θq where q ≡ g
2
64pi2
µνρσG
aµνGaρσ such that local
P and CP invariance of QCD is broken on the scales where correlated θ(~x, t)ind 6= 0 is
induced. As a result of this violation, one should expect a number of P and CP violating
effects taking place in the region where θ(~x, t)ind 6= 0. In particular, one should expect
the separation of electric charge along the axis of magnetic field ~B or along the angular
momentum ~l if they are present in the region with θ(~x, t)ind 6= 0.
This area of research became a very active field in recent years mainly due to very
interesting ongoing experiments [1, 2, 3, 4, 5]. There is a number of different manifestations
of this local P and CP violation, see [14, 15, 16, 17, 18, 19, 20, 21, 22] and many additional
references therein. In particular, in the presence of an external magnetic field ~B or in case of
the rotating system with angular velocity ~Ω there will be induced electric current directed
along ~B or ~Ω correspondingly, resulting in separation of charges along those directions as
mentioned above. One can interpret the same effects as a generation of induced electric
field ~E directed along ~B or ~Ω resulting in corresponding electric current flowing along
~J ∼ ~B or ~J ∼ ~Ω directions. All these phenomena are obviously P and CP odd effects.
Non-dissipating, induced vector current density has the form:
~J = (µL − µR) e
~B
2pi2
, (1.1)
where P odd effect is explicitly present in this expression as the difference of chemical
potentials of the right µR and left µL handed fermions is assumed to be nonzero, (µL−µR) 6=
0. The combination (µL − µR) can be thought as θ˙(t) after a corresponding U(1)A chiral
time-dependent rotation is performed, see also [17] for a physical interpretation of the
relation (µL − µR) = θ˙.
Originally, formula (1.1) has been derived in [23], though in condensed matter context.
In QCD context formula (1.1) has been used in applications to neutron star physics where
magnetic field is known to be large, and the corresponding (µL−µR) 6= 0 can be generated in
neutron star environment as a result of continuos P violating processes happening in nuclear
matter[24, 25]. It has been also applied to heavy ion collisions where an effective (µL−µR) 6=
0 is locally induced. The effect was estimated using the sphaleron transitions generating
the topological charge density in the QCD plasma [14, 15]. The effect was coined as “chiral
magnetic effect” (CME) [14, 15]. Formula (1.1) has been also derived a numerous number of
times using numerous variety of techniques such as: effective lagrangian approach developed
in [26]; explicit computation approach developed in [27]; direct lattice computations [18, 19].
In addition, the effect has been studied in holographic models of QCD [28, 29, 30]. While
there is a number of subtitles in holographic description of the effect [29, 30], it is fair to
say: on the theoretical side the effect is a well established phenomenon. It remains to be
seen if this phenomenon is related in anyway to what has been actually experimentally
observed [1, 2, 3, 4, 5].
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1.2 Universal hadronization temperature TH ∼ (150− 200) MeV
Naively unrelated story goes as follows. We start from the following general observation:
over the years, hadron production studies in a variety of high energy collision experiments
have shown a remarkably universal feature, indicating a universal hadronization tempera-
ture TH ∼ (150−200) MeV . From e+e− annihilation to pp and pp¯ interactions and further
to collisions of heavy nuclei, with energies from a few GeV up to the TeV range, the pro-
duction pattern always shows striking thermal aspects, connected to an apparently quite
universal temperature around TH ∼ (150− 200) MeV [31]. While experimentally it is well
established phenomenon, it is very difficult to understand its nature as number of incident
particles in e+e− annihilation as well as in pp and pp¯ interactions is not sufficient even to
talk about statistical averages. This observation motivated a number of early attempts [32]
to interpret the resulting spectrum of particles as the Unruh radiation [33, 34, 35] when the
event horizon emerges as a result of strong interactions. The modern, QCD based formula-
tion of this idea has been developed quite recently in refs.[36, 37, 38, 39, 40, 41, 42, 43]. See
also alternative approaches [46, 47, 48] leading to the same “apparently thermal” aspects
of the produced particles.
The key ingredient of the approach suggested in refs. [36, 37, 38, 39, 40, 41, 42, 43] is as
follows: an observer moving with an acceleration a experiences the influence of a thermal
bath with an effective temperature
T =
a
2pi
(1.2)
which is conventional Unruh effect [33]. The corresponding acceleration parameter a in
QCD is determined by the so-called “saturation scale” Qs [44, 45] as suggested in refs. [36,
37, 38, 39], or by the string tension σ as advocated in refs. [40, 41, 42, 43],
a ' Qs or a '
√
2piσ. (1.3)
The problem of calculating of the effective acceleration “a” is obviously very hard problem
of strongly interacting QCD. This problem of computation “a” is not addressed in the
present paper. We simply assume that such a description exists, in which case the relation
(1.3) explains the puzzle on why the temperature T given by eq. (1.2) is so universal, as
it it almost independent on type of processes and the energy of colliding particles, as it
is entirely determined by the fundamental ΛQCD scale. This “apparent thermalization”
originates from the event horizon in an accelerating frame: the incident hadron decelerates
in an external colour field, which causes the emergence of the causal horizon. Quantum
tunnelling through this event horizon then produces a thermal final state of partons, in
complete analogy with the thermal character of quantum Unruh radiation [33, 34, 35].
One should emphasize that the Planck spectrum in this approach is not resulted from the
kinetics when the thermal equilibrium with temperature T given by eq. (1.2) is reached
due to the large number of collisions. Rather, the Planck spectrum in high energy collisions
is resulted from the stochastic tunnelling processes when no information transfer occurs.
In such circumstances the spectrum must be thermal. Such interpretation would naturally
explain another puzzle with the thermal spectrum in e+e−, pp and pp¯ high energy collisions
when the statistical thermalization could never be reached in those systems.
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We adopt this viewpoint, and we have nothing new to add to the computations pre-
sented in refs. [36, 37, 38, 39, 40, 41, 42, 43] in strongly coupled QCD. However, we interpret
that the Planck spectrum observed in high energy collisions somewhat differently in com-
parison with papers mentioned above. Namely, we interpret the observed spectrum as the
result of complete reconstruction of the QCD vacuum state in accelerating frame “a”, rather
than due to any specific properties of its excitations – the partons. Our interpretation does
not change any previous results within this framework. However, the new interpretation
will play a crucial role when we apply the same logic and the same technique for discussions
of local P and CP violation in QCD, which is the main subject of the present paper.
• Our original contribution is the study of some specific topological fluctuations, which
we believe are responsible for local P and CP violating processes observed at RHIC. Those
vacuum topological fluctuations will be changed along with many other vacuum fluctuations
in accelerating frame “a”. These changes of the ground state due to the acceleration as we
shall see are describable in terms of the Veneziano ghost1 which solves the U(1)A problem in
QCD [49, 50, 51, 52]. This key degree of freedom (the Veneziano ghost) has η′− quantum
numbers, and plays the role similar to θ parameter from section 1.1. Its 0−+ quantum
numbers, as we shall see, play the crucial role in linking two naively unrelated problems
outlined in two sections above: local P and CP violation in QCD, section 1.1, and universal
hadronization temperature, section 1.2.
The paper is organized as follows. In section 2 we discuss the nature of universality
of hadronization temperature observed in numerous high energy experiments. We adopt
the basic logic and philosophy of refs.[36, 37, 38, 39, 40, 41, 42, 43]. We shall explicitly
demonstrate the observed thermal spectrum with temperature (1.2) can be interpreted
as the direct consequence of the basic features of known Bogolubov’s coefficients in the
accelerating frame for a system moving with effective acceleration “a”. The temperature
will be universal for all types of produced particles: massive or massless, charged or neutral,
scalars, spinors, or vectors. Such a universality is similar to universal features of the Unruh
radiation [33, 34, 35]. This result will be our basic explanation for the thermal spectrum
observed in e+e−, pp and pp¯ high energy collisions when the statistical thermalization (due
to the conventional collisions) can not be ever reached in those systems.
In section 3 we review the resolution of the U(1)A problem and structure of the θ
vacua [49, 50, 51, 52] by constructing the corresponding effective lagrangian. We pay
special attention to the structure of the Veneziano ghost, its contribution to the topological
susceptibility with a “wrong sign” (which is a key element in resolution of the U(1)A
problem), the unitarity, anomalous Ward Identities and other important properties of QCD.
We formulate the physics of topological fluctuations (described by the Veneziano ghost in
our framework) in such a way that the relevant technique can be easily generalized for the
case of accelerating frame.
Section 4 is devoted to analysis of the Veneziano ghost in the accelerating frame. We
shall explicitly compute the Bogolubov’s coefficients to demonstrate that the Veneziano
ghost contribution to energy (being identically zero in Minkowski space) does not vanish
1not to be confused with conventional Fadeev Popov ghosts which appear in covariant quantization of
non-abelian gauge theories
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anymore in accelerating frame, in the Rindler space. Therefore we identify the local P
and CP violation in QCD as a result of fluctuations of the vacuum 0−+ ghost field in the
accelerating frame. We conclude with section 5 where we list the possible tests discrimi-
nating this framework from the previously suggested mechanisms. The readers interested
in applications only may skip sections 2,3,4 and immediately jump to section 5.
2. Universal hadronization temperature as the Unruh effect
As we mentioned above, we adopt the basic logic and philosophy of refs.[36, 37, 38, 39, 40,
41, 42, 43]. Essentially, the previously developed picture can be explained in a simplified
way as follows: the incident parton decelerates in an external colour field. The causal
horizon emerges as a result of this strong interaction. Quantum tunnelling through the
emergent event horizon then produces a thermal final state of partons. The hard part of the
problem, the computation of the acceleration “a” is not addressed in the present work. The
acceleration must be an universal number (which we assume to be the case), not sensitive to
a colour representation of the incident particles. Once the universal acceleration is reached,
the produced particles will automatically have a thermal spectrum.
Our interpretation of this physics is somewhat different: instead of tunnelling of real
particles we rather speak about changes of the ground state. Initially, the ground state was
a pure quantum state in Minkowski space. In accelerating frame the Rindler observers (who
do not ever have access to the entire space-time as a result of emerging horizon) would
see the same ground state as a mixed state (rather than pure state) filled by particles
with Planck spectrum. This new interpretation will be quite important when we apply
the same technique in section 4 for discussions of the topological vacuum fluctuations in
accelerating frame because there will be no real asymptotic states which would correspond
to those topological vacuum fluctuations. Indeed, as we argue below, the Veneziano ghost
does not contribute to absorptive parts of any correlation functions, but only to the real
parts. According to our logic these topological vacuum fluctuations in accelerating frame
will serve as a P and CP odd background for physical fluctuations of quarks and gluons.
As we argue below, these topological vacuum fluctuations will be eventually responsible
for the P and CP violating correlations observed at RHIC.
As we mentioned above, the computation of the acceleration parameter “a” is a hard
problem of strongly interacting gauge theory which is not addressed in the present work.
Instead, we adopt the entire framework and treat the acceleration “a” as a free parameter
of the theory. This parameter, in principle, could have had any value. In nature “a” is not
really a free parameter, but expressed in terms of ΛQCD as eq. (1.3) states. However, to
simplify things, we will be working in the limit 1 GeV a mq where our arguments can
be made precise, though numerically a ' 1 GeV as estimate (1.3) shows. Also: we have
nothing new to add to the previous arguments [36, 37, 38, 39, 40, 41, 42, 43] suggesting that
the acceleration (1.3) and the corresponding temperature (1.2) are universal for different
processes. Rather we take a given accelerating parameter assuming a 1 GeV and study
the changes in the ground state (in comparison with Minkowski vacuum state) which occur
due to the acceleration. In our analysis in what follows we consider the radiation of a single
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massless scalar field to demonstrate the most important features of the accelerating frame;
generalization to vector and spinor fields in the Rindler space is also known, but shall not
be discussed in the present work.
2.1 Rindler space
We follow notations [35] in our analysis and separate the space time into four quadrants
F (future), P (past), L (left wedge) and R (right wedge). We will choose the origin such
that these regions are defined by t > |x|, t < −|x|, x < −|t| and x > |t| respectively. While
no single region contains a Cauchy surface, the union of the left and right regions L and R
plus the origin does contain many Cauchy surfaces, for example t = 0. We will write the
Minkowski metric with the sign convention
ds2 = dt2 − dx2 − dy2 − dz2, (2.1)
In the quadrantR, called the right Rindler wedge, one may define the coordinates (ξR, ηR, y, z)
via the transformations
t =
eaξ
R
a
sinh aηR, x =
eaξ
R
a
cosh aηR (2.2)
where a is a dimensional constant. We may define coordinates (ξL, ηL, y, z) in the left
Rindler wedge L in a similar way with the signs of both t and x reversed [35]. In these
new coordinates the metric is presented as
ds2 = e2aξ(dη2 − dξ2)− dy2 − dz2. (2.3)
Without loosing any generalities we ignore in what follows a trivial dependence on y, z co-
ordinates. It is important to emphasize that the coordinates (ηR, ξR) cover only a quadrant
of Minkowski space, namely the wedge x > |t|. Lines of constant ξ are hyperbolae
x2 − t2 = a−2e2aξ = world lines. (2.4)
They represent the world lines of uniformly accelerated observers with proper acceleration
given by
ae−aξ = proper acceleration. (2.5)
Thus, lines of large positive ξ (far from x = t = 0) represent weakly accelerated observers,
while large negative ξ correspond a high proper acceleration. The observer’s proper time
τ is
τ = ηeaξ = observer’s proper time. (2.6)
Uniformly accelerated observers will be referred to as Rindler observers. It is important to
emphasize that L and R regions are separated by the event horizons such that no events in
L can be witnessed in R and vice versa. In different words, regions L and R represent two
causally disjoint universes. Left wedge L with x < |t| is obtained by changing the signs in
eq. (2.2). The sign reversals in L mean that increasing t corresponds to decreasing η which
implies that time-like Killing vector being +∂η in R becomes −∂η in L in contrast with
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Minkowski space where ∂t is time-like Killing vector in entire space. This feature plays an
important role in selection of positive frequency modes in L and R wedges as discussed
below.
In terms of these variables the picture of high energy collision (in very simplified way)
can be represented as follows (detail derivations and explanations are presented below in
next subsection). Two energetic particles approach the interaction region (x = t = 0)
along the light cone from x = t = −∞ and x = −t =∞. When the colliding particles have
non-vanishing space-like transverse momenta k2 = −k2⊥ their world lines are located off
the light cone as described in [36]. Due to the interaction the initial particles experience
acceleration (2.5) which we assume to be a constant “a” to simplify our computations. In
this case one can switch to the Rindler frame where the question is formulated as follows:
how is the initial ground state expressed as a Fock state in the Rindler frame? As we shall
see below it will not be a ground state any more in the accelerating frame. Rather it will be
a superposition of excited states which include both: the L and R components separated
by the horizon. We shall see that the corresponding excitations have the thermal spectrum
as the direct consequence of the Bogolubov’s coefficients’ properties. It is a different way
to explain the same physics which was described in refs.[36, 37, 38, 39, 40, 41, 42, 43] as a
tunnelling through the event horizon.
2.2 Quantum Fields in Rindler space
As we mentioned above, the dynamics along y, z directions is trivial, and we ignore it in
what follows to simplify the notations. The wave equation of a free massless field φ(t, ~x)
possesses standard orthonormal mode solutions
uk =
1√
4piω
e−iωt+ikx. (2.7)
such that we can expand it in terms of complete orthonormal basis uk(t, ~x)
φ(t, ~x) =
∑
k
[
bkuk(t, ~x) + b
†
ku
∗
k(t, ~x)
]
. (2.8)
The commutation relations take the form,
[bk, bk′ ] = 0 , [b
†
k, b
†
k′ ] = 0 , [bk, b
†
k′ ] = δkk′ , (2.9)
while the ground state in Minkowski space |0〉M is defined as usual
bk|0M 〉 = 0 , ∀k . (2.10)
The number operator N and the Hamiltonian H for φ field in these notations have the
standard form
N =
∑
k
b†kbk , H =
∑
k
ωkb
†
kbk , (2.11)
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where normal ordering is implied (but not explicitly shown) in all formulae presented below,
such that the ground state satisfies the standard conditions
〈0M |H|0M 〉 = 0 , 〈0M |N|0M 〉 = 0 . (2.12)
We want to describe the ground state defined by eq. (2.10) in terms of the Rindler
coordinates. For the metric (2.3) the corresponding modes are:
Ruk =
1√
4piω
eikξ
R−iωηR in R, Ruk = 0 in L (2.13)
Luk =
1√
4piω
eikξ
L+iωηL in L, Luk = 0 in R (2.14)
The set (2.13) is complete in region R, while (2.14) is complete in L, but neither is complete
in on all of Minkowski space. However, both sets together are complete. The sign difference
corresponds to the fact that a right moving wave in R moves towards increasing value of
ξ, while in L it moves toward decreasing value of ξ. In any case, these modes are positive
frequency modes with respect to the time-like Killing vector +∂η in R and −∂η in L. The
fact that (2.13) and (2.14) have the same functional form as (2.7) is a consequence of the
conformal triviality of the system. Thus the Rindler modes (2.13) and (2.14) represent a
good basis for quantizing the φ field, as good as the Minkowski basis (2.7). Therefore, one
can use modes (2.13) and (2.14) to expand the field φ
φ =
∑
k
1√
4piω
(bLk e
ikξL+iωηL + bL†k e
−ikξL−iωηL + bRk e
ikξR−iωηR + bR†k e
−ikξR+iωηR),(2.15)
where bLk , b
R
k satisfy the following commutation relations,[
bRk , b
R
k′
]
= 0 , [bR†k , b
R†
k′ ] = 0 , [b
R
k , b
R†
k′ ] = δkk′ , (2.16)
and similar for L− Rindler wedge operators bLk . The Rindler vacuum state is defined in
terms of these operators as follows,
bRk |0R〉 = 0 , ∀k . (2.17)
We need to compute the corresponding Bogolubov’s coefficients which relate two alter-
native expansions (2.8) and (2.15) in order to answer the question: how is the initial ground
state expressed as a Fock state in the Rindler frame? The simplest way to compute these
coefficients is to note that although Ruk and
Luk are not analytic, the two combinations
exp (
piω
2a
) Ruk + exp (−piω
2a
) Lu∗−k (2.18)
exp (−piω
2a
) Ru∗−k + exp (
piω
2a
) Luk
are analytic and bounded[33]. These modes share the positivity frequency analyticity
properties of the Minkowski modes (2.7), therefore, they must also share a common vacuum
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state, see below precise definition. Therefore, instead of expansion (2.8) with modes (2.7)
we can expand φ in terms of (2.18) as
φ =
∑
k
1√
4piω
· 1√
(epiω/a − e−piω/a)
[
b1k(e
piω
2a
+ikξR−iωηR + e
−piω
2a
+ikξL−iωηL)
+ b2k(e
piω
2a
+ikξL+iωηL + e
−piω
2a
+ikξR+iωηR)
+ b1†k (e
piω
2a
−ikξR+iωηR + e
−piω
2a
−ikξL+iωηL)
+ b2†k (e
piω
2a
−ikξL−iωηL + e
−piω
2a
−ikξR−iωηR)
]
, (2.19)
where b1k, b
2
k satisfy the following commutation relations,[
b
(1,2)
k , b
(1,2)
k′
]
= 0 , [b
(1,2)†
k , b
(1,2)†
k′ ] = 0 , [b
(1,2)
k , b
(1,2)†
k′ ] = δkk′ . (2.20)
The Minkowski vacuum state is determined in terms of these operators as
b1k|0M 〉 = 0 , b2k|0M 〉 = 0 , ∀k . (2.21)
This equation replaces eq. (2.10) as it defines the same ground state |0M 〉 because both
sets share a common vacuum state as explained above. Matching coefficients in (2.15) with
(2.19) one finds the Bogoliubov’s coefficients [33, 35],
bLk =
e−piω/2ab1†−k + e
piω/2ab2k√
epiω/a − e−piω/a
bRk =
e−piω/2ab2†−k + e
piω/2ab1k√
epiω/a − e−piω/a
. (2.22)
Now consider an accelerating Rindler observer at ξ =const. As we mentioned above, such
an observer’s proper time is proportional to η, see eq. (2.6). The vacuum for this observer
is determined by (2.17) as this is the state associated with the positive frequency modes
with respect to η. A Rindler observer in R will measure the energy using the Hamiltonian
HR and the number operator NR which are given by
NR =
∑
k
bR†k b
R
k , H
R =
∑
k
ωkb
R†
k b
R
k . (2.23)
Similar expressions are also valid for a L-Rindler observer. The Hamiltonian HR and
the number operator NR in the R-Rindler accelerating frame have the same form as for
conventional Minkowski expressions (2.11). However, they are expressed in terms of the
different operators which select a different ground state |0R〉 as defined by eq. (2.17). It is
obvious that the ground state in R-wedge, |0R〉 satisfies the standard conditions,
〈0R|HR|0R〉 = 0, 〈0R|NR|0R〉 = 0, (2.24)
as it should.
However, if the initial system is prepared as the Minkowski vacuum state |0M 〉 defined
by (2.21) (or what is the same (2.10)) a Rindler observer using the same expression for the
number operator (2.23) will observe the following number of particles in mode k,
〈0M |NR|0M 〉 = 〈0M |bR†k bRk |0M 〉 =
e−piω/a
(epiω/a − e−piω/a) =
1
(e2piω/a − 1) , (2.25)
– 9 –
where we used the Bogolubov’s coefficients (2.22) to express bRk in terms of b
(1,2)
k .
This is the central formula of this section and represents nothing but the the conven-
tional Unruh effect [33, 35]. In context of high energy collisions the Planck spectrum given
by eq. (2.25) was described in refs. [36, 37, 38, 39, 40, 41, 42, 43] as a tunnelling through
the event horizon. In our description the same physical effect is resulted from restriction
of Minkowski vacuum |0M 〉 to a single Rindler wedge region where it becomes a thermal
state (rather than a pure quantum state) with temperature T = a2pi . This structure is pre-
cisely resulted from expression of the Minkowski ground state |0M 〉 in terms of the excited
states in L and R regions when the combination bR†k b
L†
−k which includes the operators from
causally disconnected regions L and R, enters formula for |0M 〉 as can be seen from explicit
construction:
|0M 〉 =
∏
k
1√
(1− e−2piω/a)
exp
[
e−piω/abR†k b
L†
−k
] ∣∣0R〉⊗ ∣∣0L〉 , (2.26)
where we take into account that the operators in the L,R basis correspond to the decompo-
sitions with support in only one wedge such that the right hand side is represented by the
tensor product
∣∣0R〉⊗ ∣∣0L〉. The crucial point in this relation is the fact that the operators
from different causally disconnected regions L and R enter the same expression (2.26), and
therefore, there is a correlation between causally disconnected regions L and R. However,
as discussed in ref.[33], one can not use these correlations to send signals.
In context of high energy collisions the picture advocated in refs. [36, 37, 38, 39, 40, 41,
42, 43] when two causally disconnected regions are connected as a result of the tunnelling
through the event horizon, manifests itself in eq. (2.26) by emergence of the combination
bR†k b
L†
−k when L and R components are simultaneously present in eq. (2.26). The expression
(2.26) also shows that the Planck spectrum observed in high energy collisions can be
interpreted as a result of preparation of the ground state |0M 〉 even before collision develops.
This interpretation naturally explains the puzzle with rapid “thermalization” observed
in all high energy collisions.Many other observed consequences (such as dependence on
transverse momenta k2⊥, saturation scale at low energies and/or peripheral AA collisions,
dependence on strange mass quark, and many others) also find their simple explanations
in this framework. They have been discussed in those references in great details, and we
have nothing new to add to those discussions as the basic logic of our approach and the
one advocated in refs. [36, 37, 38, 39, 40, 41, 42, 43] is the same as both pictures naturally
lead to the Planck spectrum (2.25).
Still, we want to add one more comment which my shed some light on mysterious
“apparent thermalization” effect resulted from the acceleration. The “apparent thermal-
ization” can be understood as entanglement type behaviour when the Planck spectrum
emerges as a result of the description in terms of the density matrix in R region by “trac-
ing out” over the degrees of freedom associated with inaccessible states in L-region. In
different words, the Bogolubov transformations (2.22) describe a construction when a to-
tal system is divided into two subsystems with the horizon separating them. This is the
deep physics reason why the Planck spectrum (2.25) emerges for a subsystem. It is known
that a number of nontrivial physics effects (including the entanglement) are described
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by the common surface separating such two sub- systems, i.e. by the horizon separat-
ing L and R Rindler wedges. The particle production in the framework advocated in refs.
[36, 37, 38, 39, 40, 41, 42, 43] occur exactly from this horizon region, while in our framework
it can be interpreted as a result of entanglement. One should also note that typical quark
and gluon vacuum fluctuations develop in this accelerating environment characterized by
temperature (1.2), not in laboratory frame, and not in center of mass frame. Once accel-
eration ceases to exist, a detector in laboratory frame will measure a particle distribution
according to the temperature (1.2) as the acceleration ends almost instantaneously, and
produced particles do not have time to make any adjustments to a new environment. In this
respect, it is very similar to measurements of CMB (cosmic micro wave background) radi-
ation as the CMB photons being produced at the last scattering at temperature T ' 2.7 K
nevertheless do not change their properties during the next ∼ 14 billion years.
• To conclude this section: we have not derived anything new which was not previously
known. However, we presented the “new thermalization” scenario advocated in refs. [36,
37, 38, 39, 40, 41, 42, 43] as a result of reconstruction of the vacuum state in accelerating
system. This new interpretation will be a crucial element in section 4 when we argue
that some very specific topological fluctuations are responsible for violation of local P
and CP invariance in QCD observed at RHIC. We would not be able to use the quasi-
classical technique developed in refs. [36, 37, 38, 39, 40, 41, 42, 43] to discuss corresponding
fluctuations as no classical trajectories of real particles propagating in external classical
colour fields exist for these type of fluctuations. This is because the relevant topological
vacuum fluctuations, as we discuss below, are not related to any absorptive parts of any
physical correlation functions. Rather, the topological fluctuations which will be main
subject of this paper may contribute only to the real parts of the correlation functions (such
as topological susceptibility) see next section. In Minkowski space similar contributions
normally treated as the subtraction constants. In the present case of the accelerating frame,
the corresponding “subtraction constant” becomes a “subtraction function” which depends
on acceleration and which is sensitive to the global properties of the space-time. As we
shall see below, the approach developed in the present section is well suited to attack this
problem as everything in section 4 will be formulated precisely in appropriate terms of
vacuum fluctuations.
3. The θ vacua, U(1)A effective lagrangian and the Veneziano ghost in
Minkowski spacetime
The main goal of this section is to single out (identify) the fields which describe the topolog-
ical fluctuations in QCD. It turns out that these relevant fields (in a specific gauge) can be
represented as (pseudo)scalar colour-singlet fields such that one can immediately apply the
technique developed in previous section 2 to describe the corresponding vacuum fluctua-
tions in accelerating frame. As we shall argue below in section 4 those vacuum topological
fluctuations in accelerating frame may be responsible for P and CP violation observed
at RHIC. It is quite obvious that those configurations must be related to θ dependence,
topological charge density, and other related problems.
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Therefore, we start this section by reviewing the θ dependence in QCD and the stan-
dard resolution of U(1)A problem [49, 50, 51, 52]. We follow [53] to identify the relevant for
the present work degrees of freedom (Veneziano ghost) which saturates topological correla-
tion functions. After integrating the ghost out (as was done in the original paper [50]) one
reproduces the η′ mass, which was the main result of [50]. We keep the Veneziano ghost
explicitly as it can not be integrated out in accelerating frame. Moreover, it will play a
central role in our following discussions when we consider the accelerating frame relevant
for description of high energy collisions. As we shall argue in section 4 the corresponding
topological fluctuations in accelerating frame might be the pivotal source of P and CP
violating fluctuations observed at RHIC.
3.1 The Lagrangian and the ghost
The starting point for our analysis will be the Lagrangian as proposed in [50, 52] in large
Nc  1 limit whose general form reads
L = L0 + 1
2
∂µη
′∂µη′ +
Nc
bf2η′
q2 −
(
θ − η
′
fη′
)
q +Nfmq|〈q¯q〉| cos
[
η′
fη′
]
+ g.f. ,
q =
g2
64pi2
µνρσG
aµνGaρσ ≡ 1
4
µνρσG
µνρσ , (3.1)
Gµνρσ ≡ ∂µAνρσ − ∂σAµνρ + ∂ρAσµν − ∂νAρσµ ,
Aνρσ ≡ g
2
96pi2
[
Aaν
↔
∂ ρ A
a
σ −Aaρ
↔
∂ ν A
a
σ −Aaν
↔
∂ σ A
a
ρ + 2gCabcA
a
νA
b
ρA
c
σ
]
.
where we explicitly keep only relevant for the present work degrees of freedom, such as
η′ and the topological density q, while all others (including pi,K, η) are assumed to be in
L0, and shall not be mentioned in this paper. In this Lagrangian g.f. means gauge fixing
term for three-form Aµνρ, and the coefficient b ∼ m2η′ is fixed by the Witten-Veneziano
relation for the topological susceptibility in pure gluodynamics. The fields Aaµ are the
usual N2c − 1 gauge potentials for chiral QCD and Cabc the SU(Nc) structure constants.
The constant fη′ ' fpi is the η′ decay constant, while mq is the quark mass, and 〈q¯q〉 is the
chiral condensate.
The three-form Aνρσ is an abelian totally antisymmetric gauge field which, under
colour gauge transformations Λa behaves as
Aνρσ → Aνρσ + ∂νΛρσ − ∂ρΛνσ − ∂σΛρν , Λρσ ∝ Aaρ∂σΛa −Aaσ∂ρΛa , (3.2)
such that the four-form Gµνρσ is gauge invariant as it should. The term proportional to
θ is the usual θ-term of QCD and appears in conjunction with the η′ field in the correct
combination as dictated by the Ward Identities (WI). The constant b is a positive constant
which determines the topological susceptibility in pure gauge theory,
i
∫
d4x〈T{q(x), q(0)}〉YM = − f
2
pi
8Nc
b . (3.3)
The constant b saturates the topological susceptibility and has a wrong sign (in comparison
with contribution from any real physical states), the property which motivated the term
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“Veneziano ghost”. Indeed, a physical state of mass mG, momentum k → 0 and coupling
〈0|q|G〉 = cG contributes to the topological susceptibility with the sign which is opposite
to (3.3),
i lim
k→0
∫
d4xeikx〈T{q(x), q(0)}〉 ∼ i lim
k→0
〈0|q|G〉 i
k2 −m2G
〈G|q|0〉 ' |cG|
2
m2G
≥ 0. (3.4)
However, the positive sign for b (and negative sign for the topological susceptibility (3.3))
is what is required to extract the physical mass for the η′ meson, m2η′ ' b/2Nc 6= 0, see the
original reference [50] for a thorough discussion.
One can interpret the field Aµνρ as a collective mode of the original gluon fields,
which in the infrared leads to a pole in the unphysical subspace and provides a finite
contribution with a wrong sign to the topological susceptibility (3.3). We know about
the existence of this very special degree of freedom and its properties from the resolution
of the famous U(1)A problem: integrating out the q field (as shown below) provides the
mass for the η′ meson. Of course b = 0 to any order in perturbation theory because q(x)
is a total divergence q = ∂µK
µ. However, as we learnt from [49, 51], b 6= 0 due to the
non-perturbative infrared physics; in fact, in the chiral limit m2η′ ∼ b.
One can integrate out the scalar field q since there is no kinetic term associated to
it. This is indeed the procedure followed by Di Vecchia and Veneziano in their original
paper [50], the outcome of which, as follows from (3.1), is
L = L0 + 1
2
∂µη
′∂µη′ − bf
2
η′
4Nc
(
θ − η
′
fη′
)2
+Nfmq|〈q¯q〉| cos
[
η′
fη′
]
, (3.5)
where all the dependence on the three-form Aνρσ has disappeared. This formula explicitly
shows that η′ receives a non-vanishing mass in the chiral limit, m2η′ ' b/2Nc 6= 0 due to
the non-zero magnitude of the coefficient b, which enters (3.1) and (3.3). This formula
also reproduces the notorious Witten-Veneziano relation for the topological susceptibility
in pure gluodynamics if one substitutes b = 2Ncm
2
η′ into the expression (3.3) for the
topological susceptibility.
As we mentioned above, we want to keep the ghost hidden in Aµνρ explicitly. We shall
now choose the Lorenz-like gauge
(∂ρAµνρ) ' (∂µKν − ∂νKµ) = 0 , Kµ ≡ µνρσAνρσ , q = ∂µKµ , (3.6)
in which we will carry out our manipulations. It is the same gauge which was discussed
in the original paper [50]. We choose to work only with the longitudinal part of the Kµ
field because only this longitudinal part determines the topological density q = ∂µK
µ,
and eventually leads to a non-vanishing contribution to the topological susceptibility (3.3).
Therefore, we write the longitudinal part of Kµ as
Kµ ≡ ∂µΦ , (3.7)
such that the expression for the topological density takes the form
q = ∂µK
µ = 2Φ , (3.8)
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where Φ is a new scalar field of mass dimension 2. We notice that the gauge condition (3.6)
is automatically satisfied with our definition (3.7). Now our Lagrangian (3.1) can be
expressed in terms of the Φ field as follows
L = L0 + 1
2
∂µη
′∂µη′ +Nfmq|〈q¯q〉| cos
[
η′
fη′
]
(3.9)
+
1
2m2η′f
2
η′
Φ22Φ +
(
η′
fη′
)
2Φ− θ2Φ ,
where we plugged in the coefficient b→ 2Ncm2η′ as the Witten-Veneziano relation requires.
If we integrate out the 2Φ field we return to the expression (3.5) which describes the
physical massive η′ field alone.
As usual, the presence of 4-th order operator Φ22Φ is a signal that the ghost is present
in the system and may be quite dangerous. However, we know from the original form (3.1)
that the system is unitary, well defined etc, in different words, it does not present any
problem associated with the ghost. One can redefine all fields in such a way that the final
Lagrangian can be expressed as follows[53]:
L = 1
2
∂µφˆ∂
µφˆ+
1
2
∂µφ2∂
µφ2 − 1
2
∂µφ1∂
µφ1 (3.10)
− 1
2
m2η′ φˆ
2 +Nfmq|〈q¯q〉| cos
[
φˆ+ φ2 − φ1
fη′
]
,
where all fields have now canonical dimension one in four dimensions. We claim that
the Lagrangian (3.10) is that part of QCD which describes long distance physics in our
context. Notice that (3.10) is exactly identical to that proposed by Kogut and Susskind
(KS) in [55] for the 2d Schwinger model, see also [57] in given context. The unitarity and
other important properties of QFT are satisfied in our 4d system (3.10) in the same way
as they are satisfied in [55] for the 2d Schwinger model as will be reviewed in the next
subsection 3.2. The Veneziano ghost in QCD is represented in our notations by the φ1 field
in (3.10) and it is always accompanied by its companion, the massless field φ2. These two
fields cancel each other in every gauge invariant matrix element once the auxiliary (similar
to Gupta-Bleuler [58, 59]) conditions on the physical Hilbert space are imposed, see below.
Using the explicit expression for the Green’s function and the expression for the topo-
logical density q = ∂µK
µ = 2Φ after simple algebraic manipulations one can represent
the topological susceptibility for QCD in model (3.1) in the chiral limit mq → 0 in the
following way,
χQCD ≡ i
∫
d4x〈T{q(x), q(0)}〉QCD = −
f2η′m
2
η′
4
·
∫
d4x
[
δ4(x)−m2η′Dc(mη′x)
]
(3.11)
where Dc(mη′x) is the Green’s function of a free massive particle with standard normaliza-
tion
∫
d4xm2η′D
c(mη′x) = 1. In this expression the δ
4(x) represents the ghost contribution
with the required “wrong” sign while the term proportional to Dc(mη′x) represents the
η′ contribution. The ghost’s contribution can be also thought as the Witten’s contact
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Figure 1: The density of the topological susceptibility χ(r) ∼ 〈q(r), q(0)〉 as function of separation
r such that χQCD ≡
∫
drχ(r), adapted from [60]. Plot explicitly shows the presence of the contact
term with the “wrong sign” (narrow peak around r ' 0) represented by the Veneziano ghost in our
framework.
term not related to any propagating degrees of freedom. The topological susceptibility
χQCD(mq = 0) = 0 vanishes in the chiral limit as a result of exact cancellation of two
terms entering (3.11) in complete accordance with WI. When mq 6= 0 the cancellation is
not complete and χQCD ' mq〈q¯q〉.
One should emphasize that the presence of the contact term (described by the Veneziano
ghost in our framework) ∼ δ4(x) in eq. (3.11) is well established and well understood phe-
nomenon in QCD. In particular, it has been studied on the lattice, see e.g. [60] and
references therein2 where a narrow peak around r ' 0 and a smooth behaviour in ex-
tended region of r ∼ fm with the opposite signs have been seen as a result of numerical
computations. We reproduce Fig.1 for illustration purposes adapted from ref.[60] where
these crucial elements are explicitly present on the plot. As we mentioned previously, the
main goal of the present paper is to study precisely this (unphysical and non-propagating)
effective degree of freedom leading to ∼ δ4(x) in eq. (3.11) (and represented by a narrow
peak at r ∼ 0 on Fig. 1) when we accelerate our system. As we discuss in great details in
[54] the ghost does not contribute to absorptive parts of any correlation functions (after
all, it is not an asymptotic degree of freedom). However, it does contribute to the real part
as plot on Fig.1 explicitly shows.
As we shall argue below, the topological nature of the ghost and its 0−+ quantum
numbers may play a crucial role in understanding of local P and CP violation in QCD
observed at RHIC [1, 2, 3, 4, 5]. Before we proceed with our description of the Veneziano
ghost in accelerating frame we would like to demonstrate that the Veneziano ghost is
harmless (e.g. it does not violate unitarity) in spite of its negative sign in the Lagrangian
2A warning signal with the signs: the physical degrees of freedom in Euclidean space (where the lattice
computations are performed) contribute to topological susceptibility χQCD with the negative sign, while
the contact term (the Veneziano ghost) contributes with the positive sign, in contrast with our discussions
in Minkowski space.
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(3.10).
3.2 Unitarity and the ghost
We follow Kogut and Susskind construction [55] in order to demonstrate the unitarity
of our system when the Veneziano ghost φ1 and its partner φ2 explicitly present in the
Lagrangian (3.10). The cosine interaction term (3.10) includes vertices between the ghost
and the other two scalar fields, but it can in fact be shown in complete analogy with
[55] that, once appropriate auxiliary (similar to Gupta-Bleuler [58, 59]) conditions on the
physical Hilbert space are imposed, the unphysical degrees of freedom φ1 and φ2 drop out
of every gauge-invariant matrix element, leaving the theory well defined, i.e., unitary and
without negative normed physical states, just as in the Lorentz invariant quantization of
electromagnetism. Specifically, this is achieved by demanding that the positive frequency
part of the free massless combination (φ2 − φ1) annihilates the physical Hilbert space:
(φ2 − φ1)(+) |Hphys〉 = 0 . (3.12)
With this additional requirement the quantum theory built on the Lagrangian (3.10) is well
defined in any respect, and the physical sector of the theory exactly coincides with (3.5)
which was obtained by a trivial integrating out procedure [50].
In particular, one can explicitly check that the expectation value for any physical state
in fact vanishes as a result of the subsidiary condition (3.12):
〈Hphys|H|Hphys〉 = 0 . (3.13)
In different words, all these “dangerous” states which can produce arbitrary negative en-
ergy do not belong to the physical subspace defined by eq. (3.12). Therefore, the main
conclusion is that the description in terms of the ghost is equivalent to well-known standard
procedure of integrating out the ghost field leading to well-known expression (3.5) for the
effective low energy lagrangian.
In the next section we want to study the dynamics of the ghost fields in the accelerating
frame. The corresponding technique for a non-interacting (pseudo)scalar field has been
previously developed and presented in section 2. In what follows we consider the chiral
limit mq → 0 such that the lagrangian describing the ghost field and its partner (3.10) is
precisely represented by the combination of two massless non- interacting fields3 in which
case the corresponding Bogolubov’s coefficients have been previously computed (2.22).
Numerically, the chiral limit in fact implies that the acceleration parameter a  mq. In
addition, as we mentioned previously, we want to keep “a” as a free parameter of the theory
in spite of the fact that in nature it is fixed by the string tension (1.3). Therefore, in all
discussions below we consider the following hierarchy of scales
1 GeV a mq (3.14)
in order to separate the effects topological fluctuations due to the acceleration “a” from
conventional QCD fluctuations with typical scales ∼ GeV.
3The fluctuations of the physical massive η′ field can be obviously neglected. It will be ignored in what
follows.
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4. P and CP violating fluctuations in accelerating frame
Our goal here is to understand the behaviour of the system (3.10) in the chiral limit
mq = 0 in accelerating frame. These fields have quantum numbers 0
−+ and their long
wave fluctuations may produce observable P and CP odd effects as discussed below. There
are many other fluctuations, of course, in the system due to conventional quarks and
gluons. However, the ghost field φ1 and its partner φ2 are unique degrees of freedom in
many respects, and their fluctuations, hopefully, can be separated from all other vacuum
fluctuations.
The main point is as follows. As we discussed above, the Bogolubov’s coefficients
(2.22) have the property that they are exponentially suppressed for ω  a. Therefore, the
typical wave lengths of fluctuations related to acceleration are λ ≥ a−1. If a ' 1 GeV as
estimation (1.3) suggests, it would be very difficult to disentangle these fluctuations from
conventional fluctuations of quarks and gluons with the same typical scale λ ' GeV−1.
However, we work in the limit a 1 GeV where such separation (at least theoretically) is
a possibility4. In case a 1 GeV all colour fields will still fluctuate with typical λ ' GeV−1
as a result of confinement which implies that all fluctuations are effectively gapped. It is
in a drastic contrast with fluctuations of colourless ghost field φ1 and its partner φ2. The
ghost remains massless even when interactions are present, as its pole (in unphysical Hilbert
space) is topologically protected as discussed above in section 3. Indeed, non vanishing
contribution to the topological susceptibility (3.3) constructed from the operators which are
total derivatives q = ∂µK
µ may only come from (unphysical) massless pole. In different
words, the typical wave lengths of φ1 and φ2 fields related to acceleration are λ ≥ a−1
for arbitrary small a. Based on this comment, we ignore in this section the conventional
fluctuations of quarks and gluons with λ ' GeV−1; we return to them in section 5 when
we produce some numerical estimates by comparing the energetics of the ghost fields φ1, φ2
and conventional quarks and gluons.
4.1 Veneziano ghost in the accelerating frame at 1 GeV a mq
As we mentioned above, in the region 1 GeV  a  mq the problem is reduced to free
massless fields φ1 and φ2 with GB like constraint. Therefore, one can explicitly use the
formalism developed earlier in section 2. In particular, one can compute the Bogolubov’s
coefficients (2.22), construct the Hamiltonian and the number operator for the ghost field
φ1 and its partner φ2 in accelerating frame as it was done previously, see eq.(2.23). The
next step is to compute the corresponding expectation values when the system is being
prepared as Minkowski vacuum |0M 〉 evolves in the accelerating background. Technically
it is exactly the same problem of our previous computations of the Planck spectrum (2.25)
detected by a Rindler observer in a model of a single massless particle.
We start with expansion of the ghost field φ1 and its partner φ2 using the modes (2.13)
4In fact, we argue in the next section 5 that in heavy ion collisions such conditions indeed could be
achieved experimentally.
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and (2.14) as we have done previously (2.15),
φ1 =
∑
k
1√
4piω
(aLk e
ikξL+iωηL + aL†k e
−ikξL−iωηL + aRk e
ikξR−iωηR + aR†k e
−ikξR+iωηR) (4.1)
φ2 =
∑
k
1√
4piω
(bLk e
ikξL+iωηL + bL†k e
−ikξL−iωηL + bRk e
ikξR−iωηR + bR†k e
−ikξR+iωηR).
The Rindler vacuum state is defined as usual,
aRk |0R〉 = 0 , bRk |0R〉 = 0 , ∀k . (4.2)
In Minkowski space we can proceed exactly along the same line as we have done in
section 2. Namely, instead of expansion with modes (2.7) we can expand φ1 and φ2 in
terms of (2.18) as follows:
φ1 =
∑
k
1√
4piω
· 1√
(epiω/a − e−piω/a)
[
a1k(e
piω
2a
+ikξR−iωηR + e
−piω
2a
+ikξL−iωηL)
+ a2k(e
piω
2a
+ikξL+iωηL + e
−piω
2a
+ikξR+iωηR)
+ a1†k (e
piω
2a
−ikξR+iωηR + e
−piω
2a
−ikξL+iωηL)
+ a2†k (e
piω
2a
−ikξL−iωηL + e
−piω
2a
−ikξR−iωηR)
]
,
φ2 =
∑
k
1√
4piω
· 1√
(epiω/a − e−piω/a)
[
b1k(e
piω
2a
+ikξR−iωηR + e
−piω
2a
+ikξL−iωηL)
+ b2k(e
piω
2a
+ikξL+iωηL + e
−piω
2a
+ikξR+iωηR)
+ b1†k (e
piω
2a
−ikξR+iωηR + e
−piω
2a
−ikξL+iωηL)
+ b2†k (e
piω
2a
−ikξL−iωηL + e
−piω
2a
−ikξR−iωηR)
]
, (4.3)
where b1k, b
2
k satisfy the following commutation relations,[
b
(1,2)
k , b
(1,2)
k′
]
= 0 , [b
(1,2)†
k , b
(1,2)†
k′ ] = 0 , [b
(1,2)
k , b
(1,2)†
k′ ] = δkk′ , (4.4)
whereas a1k, a
2
k for the ghost field φ1 satisfy[
a
(1,2)
k , a
(1,2)
k′
]
= 0 , [a
(1,2)†
k , a
(1,2)†
k′ ] = 0 , [a
(1,2)
k , a
(1,2)†
k′ ] = −δkk′ (4.5)
where again the sign minus appears in these commutation relations. The Minkowski vac-
uum state is determined as usual
a1k|0〉 = 0 , a2k|0〉 = 0 , b1k|0〉 = 0 , b2k|0〉 = 0 , ∀k . (4.6)
The Bogolubov’s coefficients for φ1 and φ2 fields relating the description in Minkowski and
Rindler spaces can be computed exactly in the same way as it was done before, see eq.
(2.22),
aLk =
e−piω/2aa1†−k + e
piω/2aa2k√
epiω/a − e−piω/a
aRk =
e−piω/2aa2†−k + e
piω/2aa1k√
epiω/a − e−piω/a
(4.7)
bLk =
e−piω/2ab1†−k + e
piω/2ab2k√
epiω/a − e−piω/a
bRk =
e−piω/2ab2†−k + e
piω/2ab1k√
epiω/a − e−piω/a
.
– 18 –
Now consider an accelerating Rindler observer at ξ =const. As we discussed previously,
such an observer’s proper time is proportional to η. The vacuum for this observer is
determined by (4.2) as this is the state associated with the positive frequency modes with
respect to η. A Rindler observer in R wedge will measure the energy and particle density
using the Hamiltonian HR and density operator NR which are given by (a similar formula
applies for L wedge as well),
HR =
∑
k
ωk
(
bR†k b
R
k − aR†k aRk
)
, NR =
∑
k
(
bR†k b
R
k − aR†k aRk
)
. (4.8)
The subsidiary condition (3.12) defines the physical subspace for accelerating Rindler ob-
server (
aRk − bRk
) ∣∣HRphys〉 = 0 , (4.9)
such that the exact cancellation between φ1 and φ2 fields holds for any physical state
defined by eq. (4.9), i.e. 〈HRphys|HR|HRphys〉 = 0 (4.10)
as it should.
However, if the system is prepared as the Minkowski vacuum state |0M 〉 defined by
eq.(4.6) a Rindler observer using the same expressions for the number operator and Hamil-
tonian (4.8) will observe the following amount of energy in mode k,
〈0|ωk
(
bR†k b
R
k − aR†k aRk
)
|0〉 = 2ωe
−piω/a
(epiω/a − e−piω/a) =
2ω
(e2piω/a − 1) , (4.11)
where we used the Bogolubov’s coefficients (4.7) to express aRk , b
R
k in terms of a
(1,2)
k , b
(1,2)
k .
This formula (up to a numerical coefficient) has been reproduced in ref.[56] by using a
different technique. This is the central result of this section and is a direct analog of
Planck spectrum given by eq. (2.25) discussed previously for the conventional massless
particle with the only difference of factor 2 in front which is result of extra degeneracy: we
have two degrees of freedom φ1 and φ2 instead of one scalar field φ from section 2. The
crucial point here is as follows. No cancellation between the ghost φ1 and its partner φ2
could occur in the expectation value (4.11), in net contrast with eq. (4.10). Technically, a
“non-cancellation” of unphysical degrees of freedom (4.11) in accelerating frame is a result
of opposite sign in commutator (4.5) along with negative sign in Hamiltonian (4.8).
We will discuss this important point in great details in the next subsection in non-
technical, intuitive way. However, we want to emphasize that this result (4.11) should not
be interpreted as actual emission of ghost modes, as they are not the asymptotic states in
Minkowski spacetime in the remote past and future, and therefore they can not propagate
to infinity in contrast with conventional Unruh effect, see appendix A for details. Rather,
one should interpret (4.11) as an additional time dependent contribution to the vacuum
energy in accelerating background in comparison with Minkowski space-time. This extra
energy is entirely ascribable to the presence of the unphysical (in Minkowski space) degrees
of freedom. We interpret the extra contribution to the energy observed by the Rindler
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observer as a result of formation of a specific configuration, the “ghost condensate” [54],
rather than a presence of “free particles” prepared in a specific mixed state which can be
detected. This extra term should be treated as a result of very unique vacuum fluctuations,
not related to any absorptive contributions. The observational effects of this extra vacuum
contribution will be discussed in the next section 5.
4.2 Interpretation
• As explained above the nature of the effect (4.11) is the same as the conventional Un-
ruh effect [33] discussed in section 2 when the Minkowski vacuum |0M 〉 is restricted to
the Rindler wedge with no access to the entire space time. A pure quantum state |0M 〉
becomes a thermo mixed state as a result of this quantum restriction. The result (4.11),
by definition, implies that the states which were unphysical (in Minkowski space) lead to
physically observable phenomena, though it can not be interpreted in terms of pure states
of individual particles, see Appendix A for details. The effect is obviously IR in nature,
and it is basically due to the presence of the horizon which itself dynamically emerges as
a result of strong interactions as advocated in refs. [36, 37, 38, 39, 40, 41, 42, 43].
• One can explicitly see why the cancellation of unphysical degrees of freedom φ1 and φ2
in Minkowski space fail to hold for the accelerating Rindler observer (4.11). The selection
of the physical Hilbert subspace (3.12) is based on the properties of the operator which
selects positive -frequency modes with respect to Minkowski time t. At the same time the
Rindler observer selects the physical Hilbert space (4.9) by using positive -frequency modes
with respect to observer’s proper time η. These two sets are obviously not equivalent, as
e.g. they represent a mixture of positive and negative frequencies modes defined in R- and
L- Rindler wedges. At the same time, the Rindler observers do not ever have access to the
entire space time. Therefore, from the Rindler’s view point the cancellation in Minkowski
space can be only achieved if one uses both sets (L and R). Of course, using the both sets
would contradict to the basic principles as the R-Rindler observer does not have access to
the L wedge even for arbitrary small acceleration parameter a.
• This is not the first time when unphysical (in Minkowski space) ghost contributes to a
physically observable quantity. The first example is the famous resolution of the U(1)A
problem in QCD, see section 3. As long as we work in Minkowski spacetime the two
constructions (based on the Veneziano ghost [49, 50] and on the Witten’s subtraction
constant [51]) are perfectly equivalent as the subsidiary condition (3.12) ensures that the
ghost degrees of freedom are decoupled from the physical Hilbert subspace, leaving both
schemes with the identical physical spectrum. In different words, these unphysical de-
grees of freedom do not contribute to absorptive parts, but only to the real parts of the
correlation functions. In Minkowski space such a contribution is normally represented by
a “subtraction constant”, while in a time dependent background this subtraction constant
becomes a “subtraction function” which depends on acceleration. We advocate the ghost-
based technique to account for this physics because the corresponding description can be
easily generalized for accelerating background, while a similar generalization (without the
ghost, but with explicit accounting for the infrared behaviour at the boundaries/horizon)
is unknown and likely to be much more technically complicated. In different words, the
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description in terms of the ghost is a matter of convenience in order to effectively account
for the boundary/horizon effects in topologically nontrivial sectors of the theory.
• One should emphasize that the Veneziano ghost we are dealing with in this paper is
very different from all other ghosts, including the conventional Fadeev Popov ghosts. The
Veneziano ghost is not an asymptotic state, it does not propagate, it does not contribute
to the absorptive parts of the correlation functions, as explained in Appendix A, though, it
does fluctuate and does contribute to the energy through the boundary/horizon conditions
(similar to the Casimir effect). The spectrum of these fluctuations is very different from
conventional Fadeev Popov ghosts (when momenta could be arbitrary large in order to
cancel the corresponding unphysical polarizations of the gauge fields). A typical frequency
of the Veneziano ghost is determined by the horizon scale ω ∼ a, while the higher frequency
modes ω  a are exponentially suppressed.
• The unique feature of the Veneziano ghosts is due to its close connection to the topological
properties of the theory. Indeed, the topological density operator q is explicitly expressed
in terms of the Veneziano ghost φ1 as follows, q ∼ 2Φ ∼
(
2φˆ−2φ1
)
such that the contact
term (representing the real, not absorptive part of the topological susceptibility) ∼ δ4(x) in
eq. (3.11) is saturated by the ghost. One should also note that the appearance of the ghost
degree of freedom in the formalism can be traced from the induced q2 term (3.1) which
contains Φ22Φ operator (3.9). As is known the 22 operator can be always re-written in
terms of a degree of freedom with a negative kinetic term. This explains the origin and
uniqueness of the Veneziano ghost and its relation to topological features of the theory.
A number of very nontrivial properties of this ghost which are discussed in this paper are
intimately related to its topological nature.
5. Observations of the P and CP odd fluctuations at RHIC
The goal of this section is to apply our previous formal analysis to the very concrete subject:
we want to interpret the recent RHIC experimental results [1, 2, 3, 4, 5] as violation
of local P and CP symmetries in QCD. The key point of all our previous discussions
can be formulated in one line: QCD supports the topologically nontrivial unique vacuum
fluctuations (Veneziano ghost) in the accelerating system. The fluctuations are IR in
nature, sensitive to the horizon scale λ ≥ a−1 for arbitrary small a, they do not propagate,
do not contribute to the absorptive parts of the correlation functions, but they do contribute
to the real portion of the correlation functions. Their IR nature is protected by topology:
they remain gapless even in the presence of the strong confined forces. Such a property is in
huge contrast with conventional fast quark and gluon fluctuations which have a sharp cutoff
at wavelengths λ ∼ Λ−1QCD. These topological fluctuations have 0−+ quantum numbers, and
in all respects very similar to the induced, slowly fluctuating θind discussed in section 1.1
with θ˙ind ∼ a. We know about the existence of the Veneziano ghost from the resolution
of the U(1)A problem when it saturates the contact term in the topological susceptibility.
In the accelerating frame this contact term becomes a “subtraction function” and the
– 21 –
corresponding topological fluctuations lead yet to another observable phenomena as we
shall argue below.
5.1 The basic picture
In what follows we assume that 1 GeV a mq such that we can separate the topological
fluctuations with very large wave lengths λ ≥ a−1 which carry 0−+ quantum numbers from
conventional fluctuations of quarks and gluons with typical λ ∼ 1 GeV−1. We also neglect
the interacting term ∼ mq in eq. (3.10) such that our consideration of free fields in
accelerating frame leading to (4.11) is justified.
Our basic picture in this regime can be formulated as follows. The conventional quark
and gluon fluctuations with typical λ ∼ 1 GeV−1 are propagating in the environment of
very slow topological fluctuations with wave lengths λ ≥ a−1. These slow topological fluc-
tuations can be thought as P and CP odd environment for the fast conventional fluctuations
with typical λ ∼ 1 GeV−1. The fast conventional fluctuations are distributed according
to the Planck formula as discussed in section 2 and described by eq. (2.25). While this
formula was derived for a massless scalar particle for illustration purposes, it is known that
a similar thermal distribution is expected to hold for vector and spinor fields as well.
This picture for the fast fluctuations is equivalent to the “new thermalization” scenario
advocated in refs. [36, 37, 38, 39, 40, 41, 42, 43] as it produces hadrons distributed according
to the thermal law determined by temperature (1.2). The only new element of this work
is the observation that these conventional fast fluctuations with typical λ ∼ 1 GeV−1
are propagating in the P and CP odd environment described by new type of topological
fluctuations with very large wave lengths λ ≥ a−1. We emphasize that the soft topological
fluctuations can not propagate to infinity by themselves as they are not asymptotic states;
rather they produce the P and CP odd environment for conventional fast fluctuations
which eventually will be observed as the hadrons produced in this odd environment. Our
main conjecture is that the P and CP odd fluctuations observed at RHIC [1, 2, 3, 4, 5] is a
direct consequence of this odd environment. In next subsection 5.2 we present a number of
qualitative consequences of the entire framework supporting this basic picture. Before we
do so, we want to compare the energetics of slow topological fluctuations with conventional
fast fluctuations of quarks and gluons.
Our starting formula is the Planck spectrum for the Veneziano ghost and its partner
(4.11) valid for a  mq. Number density of the P odd domains with size λ ' 2piω is given
by
dNω =
d3k
(2pi)3
2
(e2piω/a − 1) , (5.1)
while the total contribution to the energy associated with these soft fluctuations is
Eghost '
∫
d3k
(2pi)3
2ω
(e2piω/a − 1) =
pi2
15
( a
2pi
)4
. (5.2)
This number should be compared with standard contribution to the thermal energy associ-
ated with the fast fluctuations of Nf light quark flavours and N
2
c −1 gluons at temperature
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T = (a/2pi),
Eq+g ' pi
2
15
( a
2pi
)4 [
(N2c − 1) +
7NcNf
4
]
. (5.3)
Therefore, the relative energy associated with slow ghost fluctuations with 0+− quantum
numbers in comparison with conventional fast fluctuations of quarks and gluons is estimated
to be
κ ≡ Eghost
Eq+g
∼ 1[
(N2c − 1) + 7NcNf4
] , (5.4)
which is numerically ∼ 0.05. The effect is parametrically small at large Nc and propor-
tional ∼ 1/N2c which is a typical suppression for any phenomena related to topological
fluctuations. The effects related to the ghost obviously vanish at a = 0 as eq. (5.2) states.
This limit corresponds to the transition to Minkowski space when the Veneziano ghost
is decoupled from physical Hilbert space (3.12). The factor κ essentially counts number
of fluctuating degrees of freedom which lead to the P and CP odd environment. How-
ever, these degrees of freedom are not the asymptotic states, and they do not propagate
to infinity as explained above, and they do not contribute to the absorptive parts of any
correlation functions.
The information about the P and CP odd environment must be transferred to the
conventional propagating degrees of freedom which can be observed and analysed. In the
ideal world with a  1 GeV all strong interactions can be treated as fast fluctuations in
slow varying background of the Veneziano ghost φ1 and its parter φ2 at nonzero acceleration
a  1 GeV. As we mentioned above, such background can be thought as slowly varying
effective θind 6= 0. The spectral properties of these fluctuations are determined by eq.
(5.1) while its energetics is determined by eq. (5.2). Therefore, in the limit a  1 GeV
we can apply our previous knowledge about physical properties of hadrons in θind 6= 0
background. In particular, all previous estimates on P and CP odd effects reviewed in
section 1.1 (including the charge separation effect as a result of anomalous interaction of
slow varying θind 6= 0 with electromagnetic field) remain valid in this limit when P odd
domain is much larger in size than conventional QCD fluctuations. Therefore, we shall not
elaborate on this point in the present work. Instead, we concentrate below on immediate
qualitative consequences of the picture developed in this work when acceleration “a” being
the key parameter of the system is parametrically small.
5.2 Observational consequences. The universality.
•1. First immediate consequence of the developed picture is the presence of P and CP
odd fluctuations in any accelerating system with a 6= 0 including all energetic e+e−, pp
and pp¯ interactions when the thermal aspects corresponding to the universal temperature
around TH ∼ (150 − 200) MeV have been already observed. According to the entire
logic of our framework the presence the thermal aspects in observations is resulted from
the acceleration “a” when the QCD vacuum structure is completely reconstructed. The
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corresponding reconstruction, among many other things, leads to topological fluctuations
which play the role of the P and CP odd environment where hadrons are being produced.
These topological fluctuations will be developed in all energetic e+e−, pp, pp¯ and heavy
ion collisions. However, the heavy ion collisions are unique in comparison with other types
of energetic interactions as they allow to study the dependence of these odd effects as
function of centrality which, as we argue below, effectively corresponds to variation of the
acceleration parameter “a” with centrality.
•2. As we reviewed in section 1.2 the acceleration realized in nature for e+e−, pp, pp¯ (not
heavy ions) collisions is a universal number given by (1.3) and close to a ' 1 GeV, rather
than a free parameter “a”. A typical domain size where P and CP odd fluctuations will
be developed is determined by eq. (5.1). The fluctuations will be order of λ ' 2pi/a ∼ fm
for a ' 1 GeV which is about the size of conventional fluctuations of quarks and gluons.
In such circumstances the correlations similar the ones studied at RHIC [1, 2, 3, 4, 5]
are expected to be suppressed for e+e−, pp, pp¯ collisions as the formation of different
hadrons most likely will occur in different P odd domains rather than in one large domain.
Nevertheless, the effect being suppressed for e+e−, pp, pp¯ collisions, still does not vanish.
The intensity of the corresponding correlations for e+e−, pp, pp¯ collisions is predicted to
have the same intensity as in heavy ion collisions for the most central events, see below.
•3. This conclusion (on suppression of the correlations for e+e−, pp, pp¯ collisions) changes
drastically when we consider the heavy ion collisions. In this case it has been argued [40]
that the temperature (1.2), and therefore, the acceleration “a” will be reduced for non-
central collisions, which for small angular momentum J can be approximated as follows[40],
a(J) ' aJ=0
(
1− cJ2) , c > 0, (5.5)
where c is some positive constant. Reduction of the acceleration “a” will increase a typical
domain size where P and CP odd fluctuations develop as eq. (5.1) suggests. At the same
time, the conventional fluctuations responsible for the formation of hadrons are not much
affected by the reduction of “a” as they keep a typical (for Minkowski space) scale ∼ fm
determined by confinement forces rather than by acceleration “a”. When the size of the P
odd domain becomes sufficiently larger than ∼ fm scale the strength of correlations should
drastically increase as quite a few particles could be formed in the same large P odd do-
main. Even a slight reduction of “a” (which corresponds to moving toward the least central
collisions), may produce some drastic changes in strength of correlations as dependence on
“a” is exponential, see eq. (5.1). Strong dependence on centrality is indeed supported by
observations [5], though the acceleration parameter “a” is obviously not identically the
same variable as centrality defined in [1, 2, 3, 4, 5].
•4. Another immediate consequence of the developed picture is that the correlations should
demonstrate the universal behaviour similar to the universality discussed in section 1.2 as
the source for the both effects (“ new thermalization” scenario and P and CP odd effects
in QCD) is the same as argued in this paper. In particular, the effect should not depend on
energy of colliding ions. Indeed, the size of the P odd domains as well as the spectrum of the
formed particles is determined exclusively by the acceleration “a” and should not depend on
energy of colliding ions. Such independence on energy is indeed supported by observations
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where correlations measured in Au+Au and Cu+Cu collisions at
√
sNN = 62 GeV and√
sNN = 200 GeV are almost identical and independent on energy [5]. These similarities in
behaviour of the correlations is definitely a strong argument supporting entire framework
based on universality and common origin of both effects as formulated in introductory
section 1. Based on this universality we predict that the corresponding correlations at the
LHC energies would demonstrate a similar strength and a similar features found at RHIC.
•5. One should emphasize that the universal features as formulated above are related
exclusively to the portion of the “apparent thermalization” of the system as a result of
acceleration “a”. Those aspects are expected to be universal for all high energy collisions:
from e+e− to AA. In case of heavy ion collisions however, in addition to those “apparent
thermalization” aspects there are very real thermodynamical features of the system result-
ing from the conventional collisions which are normally described using the hydrodynamical
equations. This conventional “hydro” portion of the dynamics, of course is not universal.
This portion, for example, is not present in pp collisions, and must be subtracted from
analysis when comparison of AA with pp collisions is made in order to test the universality
conjecture.
•6. The arguments presented above on universal behaviour do not explicitly depend on
the strength of the magnetic field which is a key player in CME, see eq. (1.1). This is
a consequence of the same universal behaviour discussed above. The direction of ~B (or
angular momentum ~L) does play a role of selecting the reaction plane, while the abso-
lute value of | ~B| is less important parameter in our arguments. The corresponding | ~B|-
dependence is implicitly hidden in the magnitude of acceleration parameter “a” which is
a function of many other things, including centrality, | ~B|, etc. Therefore, one should not
expect a strong dependence of the effect on charges Zi of colliding ions which would lead to
very different magnetic fields | ~B| for Au+Au and Cu+Cu collisions. Observed similarity
in behaviour for Au+Au and Cu+Cu is another manifestation of universality discussed
in item 4 above. A relatively mild Zi dependence of the effect is indeed consistent with
observations [5].
•7. The arguments presented above on universality of the correlation strength do not
depend on transverse momenta k2⊥, even for relatively large k⊥ > 1 GeV. This is a con-
sequence of the same universal behaviour discussed in items 4 and 5. Indeed, the entire
picture described above, assumes that all hadrons are formed with k⊥ determined by the
thermal distribution in the P odd background (5.1). The spectrum of both: slow and
fast fluctuations is the result of preparation of the vacuum state |0M 〉 in the accelerating
frame even before the collision develops as explained above and expressed by eq. (2.26).
Therefore, one should not expect strong dependence on |k⊥,α−k⊥,β| in the correlations for
particles α and β even for large |k⊥,α − k⊥,β| ≥ 1 GeV as the corresponding distributions
are not much affected by P odd fluctuations (5.1). This consequence of the universality is
also consistent with observations [5] where it is found that the correlation depends very
weakly on |k⊥,α − k⊥,β|.
•8. A picture outlined above assumes an ideal world with a  1 GeV when a very large
P odd domain is formed with size ∼ (2pi)/a which is much larger than conventional QCD
fluctuations with typical sizes ∼ fm. In reality, one should expect some deviations from this
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universal behaviour due to a number of complications in the real (rather than ideal) world,
e.g. finite size of the system. In particular, the strength of the correlations is expected to
increase when |k⊥,α+k⊥,β| increases for finite (rather than very large) P odd domain. This
is due to the fact that the probability to form two fm− size particles within one finite size
domain is larger if the particles have smaller sizes, and correspondingly larger |k⊥,α+k⊥,β|.
This deviation from the universality apparently consistent with observations [5] where it
is found that the correlation in fact increases with |k⊥,α + k⊥,β| even for relatively large
k⊥ > 1 GeV. Such a behaviour naively contradicts to a conventional intuition that all non-
perturbative effects must be suppressed for large k⊥ > 1 GeV but in fact it has a simple
and natural explanation within our framework as suggested above. Another manifestation
of the same finite size effect would be a sharp cutoff in the correlations when the centrality
continues to increase. This pure geometrical effect occurs when the available overlapping
portion of the colliding nucleus and the size of a P odd domain become approximately
equal in sizes. The observation of the corresponding peak in strength of the correlations
gives a precise experimental tool to measure the maximal effective size of P odd domains
for a given system. This feature, of course, can not have an universal description as it is
related to the finite size effects, and therefore, is sensitive to specific properties of colliding
nucleus.
To conclude: The qualitative consequences which follow from the picture outlined
above apparently consistent with all presently available data. In reality “a” is not a small
number, and the size of P odd domain is not very large even for non-central collisions. The
finite size effects and other non-universal features may lead to some corrections from the
universal picture as we mentioned in item 8 above. Moreover, those corrections themselves
are not expected to follow the universal behaviour. Much work needs to be done before a
qualitative picture sketched above becomes a quantitative description of the correlations
observed at RHIC [1, 2, 3, 4, 5].
6. Conclusion. Future Directions.
In this paper we adopt the approach suggested in refs. [36, 37, 38, 39, 40, 41, 42, 43] and
treat the universality observed in all high energy collisions as a result of the Unruh radia-
tion characterized by a single parameter “a”. The problem of computation the acceleration
“a” is not addressed in the present paper. It is is obviously very hard problem of strongly
interacting QCD. Instead, we study the topological fluctuations (represented in our frame-
work by the Veneziano ghost) in the given accelerating background “a”. Such a treatment
is a consistent description in large Nc limit when the influence of these degrees of freedom
on acceleration “a” itself is negligible. There is a number of immediate consequences from
this picture relevant for analysis of the correlations observed at RHIC [1, 2, 3, 4, 5] and
which were outlined in section 5.2. We formulate the universal properties for the P odd
effects, similar to well-known universal thermal behaviour of the spectrum studied in all
high energy collisions. We observe that our predictions are consistent with all presently
available data.
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We formulate below some possible directions for the future study which may confirm
or rule out this entire framework.
• It would be very desirable (if not crucial) to understand the connection between the
acceleration parameter “a” which is the key element of the present paper and familiar pa-
rameters such as centrality, initial energy and the charges of the colliding ions in realistic
(rather than ideal) world. Such knowledge would allow us to (quantitatively) test the basic
conjecture on universality of the P odd effects formulated in section 5.2.
• It would be very interesting to study the P odd correlations for other high energy colli-
sions, beyond the heavy ion systems. As we mentioned in the text the P odd domains are
also produced in e+e−, pp and pp¯ systems, though the size of the produced P odd domain
would be quite small as it is determined by 2pi/a with a given by eq. (1.3). If one uses the
same correlation [1] which has been used for analysis of heavy ion system, the universality
arguments suggest that the intensity of the correlations in e+e−, pp and pp¯ systems would
be exactly the same as measured in heavy ions in most central collisions when the effective
acceleration “a” is determined by the same expression for all systems (1.3).
• The Veneziano ghost which is the subject of this paper may in fact lead to another IR
effect demonstrating the sensitivity to the boundaries (in addition to sensitivity to the
horizon scale studied in this work). Specifically, the Veneziano ghost which is protected by
topology and which saturating the subtraction term in the topological susceptibility, may
lead to the Casimir type effects as argued in [61] though no massless physical degrees of
freedom are present in the system. This effect can be exactly computed in 2d QED which
is known to be the model with a single massive degree of freedom [55]. Still, the Casimir
like effect is present in this system [57]. The Casimir type effects in 4d QCD appear to
be present on the lattice where the power like behaviour (1/L)α as a function of the total
lattice size L has been observed in measurements of the topological susceptibility [62]. Such
a behaviour is in huge contrast with exponential exp(−L) decay law which one normally
expects for any theories with massive degrees of freedom5.
• The obtained results may have some profound consequences for our understanding of
physics at the largest possible scales in our universe as a result of dynamics of the same
(protected by topology) Veneziano ghost. Namely, the Casimir type effects in 4d QCD
may be observable using the CMB analysis as suggested in ref. [63].
• Another manifestation of the same physics is as follows. The dark energy observed in our
universe might be a result of mismatch between the vacuum energy computed in slowly
expanding universe with the expansion rate H and the one which is computed in flat
Minkowski space. If true, the difference between two metrics would lead to an estimate
∆Evac ∼ HΛ3QCD ∼ (10−3eV )4 which is amazingly close to the observed value today[53].
As explained in the text the typical wavelengths λ associated with this energy density are
of the order of the inverse Hubble parameter, λ ∼ (2pi/H) ∼ 10 Gyr, and therefore, these
modes do not clump on distances smaller than H−1, in contrast with all other types of
matter. This makes these fluctuations to be the perfect dark energy candidates [53].
• Also, a nature of the magnetic field in the universe with characteristic intensity of around
5I am thankful to Misha Polikarpov who brought the paper [62] to my attention.
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a few µG correlated on very large scales and observed today is still unknown. One can
argue that the very same Veneziano ghost which is the subject of the present work may in
fact induce the large scale magnetic field with correlation length ∼ (2pi/H) as a result of
anomalous interaction similar to the one which leads to the charge separation and chiral
magnetic effects (1.1). In the case of heavy ions the correlation length for charge separation
effect and CME is determined by the size of the P odd domain ∼ (2pi/a), see section 1.1,
while in case of expanding universe the correlation length ∼ (2pi/H). More than that,
the corresponding induced magnetic field in the universe is expected to be helical (i.e.∫
d3x ~A · ~B 6= 0) and would naturally have the intensity B ' α2pi
√
HΛ3QCD ∼ nG, which by
simple adiabatic compression during the structure formation epoch, could explain the field
observed today at all scales, from galaxies to superclusters [64].
• Finally, the cosmological observations on the largest scales exhibit a solid record of un-
expected anomalies and alignments, apparently pointing towards a large scale violation of
statistical isotropy. These include a variety of CMB measurements, as well as alignments
and correlations of quasar polarization vectors over huge distances of order of 1 Gpc. The
only comment I would like to make here that such anomalies may in fact be originated
from the same fundamental topological P odd fluctuations studied in this work, see [65]
for the details.
To conclude: the development of the early Universe is a remarkable laboratory for the
study of most nontrivial properties of particle physics such as P odd effects on the scale of
the entire universe. What is more remarkable is the fact that the very same phenomena can
be, in principle, experimentally tested in heavy ion collisions, where a similar environment
can be achieved.
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A. The Veneziano ghost is not an asymptotic state.
The main goal of this Appendix is to argue that while the Veneziano ghost leads to a
number of profound effects in Minkowski space (the resolution of the U(1)A problem)
as well as in the accelerating frame (present work), it nevertheless is not a conventional
propagating asymptotic state. In different words, it does not contribute to absorptive
parts of any correlation functions. However, it does contribute to the real parts of the
correlation functions. In Minkowski space such kind of contributions normally treated as
the subtraction constants. In the present case of the accelerating frame, the corresponding
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“subtraction constant” becomes a “subtraction function” which depends on acceleration
and which is sensitive to the global properties of the space-time.
The crucial observation for future analysis is as follows: the fields φ1, φ2 which are
originated from unphysical (in Minkowski space) degrees of freedom can couple to other
fields only through a combination (φ1−φ2) as a consequence of the original gauge invariance
(3.10). Precisely this property along with Gubta-Bleuler auxiliary condition (3.12) provides
the decoupling of physical degrees of freedom from unphysical combination (φ2 − φ1) as
discussed in great details in [55].
We follow analysis of ref. [34] to study the propagating features of fields in accelerating
frame. To achieve this goal we replace a single physical field Φ from ref. [34] by specific
combination (φ2 − φ1) fields for our system (3.10). It leads to some drastic consequences
as instead of conventional expectation values such as < 0|ak...a†k′ |0 >6= 0 from ref. [34]
we would get < 0|(ak − bk)...(a†k′ − b†k′)|0 >= 0. The relevant matrix elements vanish as a
result of the corresponding commutation relation [(a†k′−b†k′), (ak−bk)] = 0. Furthermore, as
[H, (ak−bk)] = (ak−bk) the structure (ak−bk) is preserved such that ak and bk never appear
separately. Based on this observation, one can argue that the same property holds for any
other operators which constructed from the combination (φ2 − φ1). In different words, no
actual radiation of real particle occurs in our case in contrast with real Unruh radiation [34],
i.e the absorptive parts of relevant correlation functions always vanish. Therefore, there are
some fluctuating degrees of freedom in the system observed by a Rindler observer without
radiation of any real particles. In many respects, this feature is similar to the Casimir effect
though spectral density distribution describing the fluctuations of the vacuum energy has
a nontrivial ω dependence in contrast with what happens in the Casimir effect.
Another way to arrive to the same conclusion is to consider the particle detector moving
along the world line described by some function xµ(τ) where τ is the detector’s proper time.
In the case for the Rindler space the corresponding τ is identified with η defined by formula
(2.2). As is known, the corresponding analysis in the lowest order approximation is reduced
to study of the positive frequency Wightman Green function defined as
D+(x, x′) = 〈0|Φ(x),Φ(x′)|0〉, (A.1)
while the transition probability per unit proper time is proportional to its Fourier trans-
form,
∼
∫ +∞
−∞
d(∆τ)e−iω∆τD+(∆τ) (A.2)
where we use notations from [35]. In case of inertial trajectory for massless scalar field Φ
the positive frequency Wightman Green function is given by
D+(∆τ ′) = − 1
4pi2
1
(∆τ − i)2 (A.3)
and the corresponding Fourier transform (A.2) obviously vanishes. No particles are de-
tected as expected. In case if the detector accelerates uniformly with acceleration a the
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corresponding Green’s function is given by [35]
D+(∆τ ′) = − 1
4pi2
∑
k
1(
∆τ − i2+ 2ipi ka
)2 . (A.4)
As there are infinite number of poles in the lower -half plane at ∆τ = −2ipi ka for positive k
the corresponding Fourier transform (A.2) leads to the known result ∼ ω[exp(2piω/a)−1]−1.
In our case the detector- field interaction is described by the combination (φ1 − φ2)
rather by a single field Φ discussed above. Therefore, the relevant response function in our
case is described by the positive frequency Green’s function defined as
∼ 〈0|
(
φ1(x)− φ2(x)
)
,
(
φ1(x
′)− φ2(x′)
)
|0〉, (A.5)
which replaces eq. (A.1). One can easily see that this Green’s function given by eq.
(A.5) identically vanishes as the consequence of the opposite signs in commutation rela-
tions describing φ1 and φ2 fields, in complete agreement with the arguments presented
above. Therefore, the Rindler observer will see an extra energy (4.11) without detecting
any physical particles. One can rephrase the same statement by saying that the ghost
and its partner do not contribute to the absorptive part of the Green’s function, but do
contribute to its real part. In Minkowski space the contribution to the real part of the
topological susceptibility is nothing but the well known subtraction constant which has
been precisely studied and measured on the lattice, see Fig.1. The ghost- based technique
we advocate in this paper is well suited to study the corresponding physics in accelerating
or time dependent background.
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